Introduction
Earth's deep seafloor is, for the most part, a vast, unexplored terrain. Only a miniscule fraction has ever been observed directly, using deep submersibles and remotely operated vehicles. Most of our understanding of seafloor physiography is instead derived from remotely sensed data, such as sonar or satellite altimetry. Sonar data must be collected by ships or underwater vehicles, which is an expensive and time-consuming process. Technological advances over the past two decades have enabled sonar devices to collect detailed "swath" coverage ( Figures 1b and 2b ), but only a few percent of the seafloor has been mapped in this fashion, typically in areas of prominent seafloor structures such as mid ocean ridges, fracture zones and trenches. More generally, sonar coverage of the ocean floor is limited to profile coverage along disparate ship tracks, well concentrated in shipping lanes and very sparse elsewhere.
Over the past decade or so, satellite altimetry data have been employed to fill in the gaps left by incomplete sonar coverage. The marine geoid and the gravity field derived from it are dominated by the seafloor topography signal at scales less than a few hundreds of kilometers Smith, 1998) . Major seafloor features are easily detected in the altimetric gravity data (Figures 1a and 2a) , and their bathymetry can be predicted based on geophysical formulations constrained by existing bathymetric coverage. However, this predictive ability is severely limited at smaller scales. The altimetric gravity field is, in essence, a filtered and somewhat noisy expression of bathymetry (Smith, 1998) . Depending on water depth, that filter is ~18-20 km wide (full-wavelength); we cannot expect a one-to-one correspondence of gravity and seafloor features below this scale. Furthermore, noise would be translated in this predictive scheme into large bathymetric artifacts. Hence, little effort has gone into trying to interpret small-scale features in the gravity field.
However, as has been demonstrated previously hills, are best quantified statistically; here, the individual feature contains insufficient information, because the same mid-ocean ridge process can produce a range of sizes and shapes. Goff and Jordan (1988) developed a method for quantitative characterization of abyssal hill morphology based on swath bathymetric coverage. The method employs a least-squares inversion of the sample twodimensional covariance function to estimate parameters of a functional form: the "von Kármán" model (von Kármán, 1948) , which is a band-limited fractal. The following statistical parameters are derived from this model:
The rms height, H b , measures the overall bathymetric roughness.
The characteristic scale, b , measures the horizontal scale of the most prominent feature size, and is defined as twice the second moment of the covariance function (Goff and Jordan, 1988) ; bn , the characteristic width, is measured normal to the strike direction, and bs , the characteristic length, is measured along the strike direction. The ratio between characteristic length and width, a b = bs / bn , provides a measure of fabric.
The strike azimuth, b , measures the orientation of abyssal hill lineaments.
The fractal dimension, D, measures the level of fine-scale roughness compared to large-scale roughness. In practice, this parameter is difficult to estimate because swath bathymetry does not provide a largeenough range of scales between the resolution scale (~200 m) and the characteristic scale (~2-5 km). Typically, this value is assumed to be ~2.2-2.3, consistent with multi-scale analysis of abyssal hills .
Were the entire seafloor mapped with multibeam data, we could employ this parameterization to explore the history of mid-ocean ridge spreading throughout most of Earth's ocean basins. However, as noted elsewhere in this issue, swath mapping is a slow and expensive process; it has been estimated (Carron et al., 2001 ) that a systematic survey of the seafloor would require ~200 years of ship time at a costs of billions of U.S. dollars. Very little of the seafloor has been mapped with swath sonar methods, and only a small fraction will be mapped in such detail for the foreseeable future. We therefore seek to extract as much information about seafloor morphology as we can from satellite altimetry data. However, because of the intrinsic filtering associated with gravitational response of the sea surface to seafloor topography (Smith, 1998; Smith and Sandwell, this issue) , individual abyssal hills will typically not be distinguishable in the altimetry data. Nevertheless, gravity data, like the seafloor, exhibits a small-scale fabric; one that can be quantified with statistical methods and which may, without attempting a to resolve abyssal hill-related gravity fabric, and investigate the possible improvements that may be achieved by a new altimetry mission that significantly reduces the level of noise in the data set.
Seafloor Morphology and Fabric Estimation
The morphology of the deep seafloor is composed of a variety of features that exist at a range of scales (Figures 1 and 2 ). Apart from seamounts, which are typically isolated structures formed off axis, most of these features are derived from the mid-ocean ridges, where new oceanic crust is formed as tectonic plates spread apart. Fracture zones are the largest and most prominent of such structures. Created by the transform faults that link ridge offsets, fracture zones form ribbon-like trench and ridge structures oriented orthogonal to the ridge axis at the time of crustal accretion. Fracture zones are commonly observed in satellite altimetry data (Figures 1a and 2a ). Akin to fracture zones are segment boundaries, small non-transform offsets in the ridge axis that produce disturbances in the crust and, if large enough, evidence in the altimetry data ( Figure 1a ). Segment boundaries that are not stable can migrate up and down the ridge axis, creating diagonal lineaments called "propagator psuedofaults" (Figures  1a and 2a) .
Between the fracture zones and segment boundaries, the seafloor is composed primarily of abyssal hill fabric: ridge-parallel lineaments created by a combination of volcanic construction and tectonic extension at or near the mid-ocean ridge axis (e.g., Macdonald and Atwater, 1978; Kappel and Ryan, 1986; Macdonald et al., 1996; Figures 1b and 2b )(Box 1). Abyssal hills are responsive to the ridge environment. For example, abyssal hills heights and widths tend to correlate inversely with spreading rates (Goff, 1991; 1992; Malinverno, 1991; Bird and Pockalny, 1994; Macario et al., 1994; , and increase in size when a mid-ocean ridge changes from an axial high to an axial valley . Abyssal hills also change morphology depending on crustal thickness and magma supply (Goff et al., 1995) , factors which can vary within a single ridge segment and/or can vary from one ridge segment to another. Abyssal hills are therefore an off-axis indicator of mid-ocean ridge spreading history.
To extract the information contained in the abyssal hill record, we must quantify abyssal hill morphology. Quantification can be done either deterministically (each feature examined individually) or statistically (features are examined as ensemble averages). The choice depends largely on scale and numbers. Large features that are few in number, such as fracture zones and mid-ocean ridges, are best quantified deterministically. Small features that are numerous, such as abyssal Sandwell and Smith, 1997; bathymetry from Cande et al., 1995. the statistical parameters, rms roughness is the simplest to measure, is the least prone to uncertainties, and most closely compares with qualitative observations. Figure 4a displays a detrended profile along a flow line identified in Figures 1a and 3. This profile was chosen because it lies between two stable fracture zones that are far enough apart that we can be confident that the fracture zones themselves are not influencing the profile. The rms gravity roughness derived from this profile ( Figure 4b ) gradually increases westward away from the axis, and then abruptly decreases (here at longitude 28°W), consistent with the qualitative observations above. Comparison with the spreading rates over this same corridor (Cande et al., 1988) demonstrates that the gravity rms is closely correlated (negatively) with spreading rate through most of the profile ( Figure  4b ). This relationship does not continue east of 20°W; here rms gravity decreases eastward toward the axis even as spreading rate decreases. However, as noted by in a number of studies (e.g., Kong et al., 1988; Goff et al., 1995; Tucholke et al., 1997; Bonatti et al., 2003) , crustal accretion at slow spreading ridges and the resulting off-axis morphology can be highly variable, subject to changes that are related as much to temporal and spatial variability in magma supply as to spreading rate. In this flow line in particular, we note that the southern of the two bounding fracture zones loses its clear definition east of ~17.5°W (Figures 1a and 3 ). This may be an indication of changes in the crustal accretion process within this ridge segment.
Such variability is also in evidence in a study of abyssal hills along four flow lines in the South Atlantic region (Goff, 1992) . Although the individual flow lines exhibit considerable variability in abyssal hill relief, when the results are averaged by crustal age they display a clear negative correspondence with spreading rate. An abrupt change in abyssal hill relief at ~75 Ma one-to-one feature match, correspond in some way to the abyssal hill fabric on the seafloor (Smith, 1998; Goff and Smith, 2003) . To characterize gravity fabric, Goff and Smith (2003) adapted the Goff and Jordan (1988) methodology for abyssal hill characterization, substituting a Gaussian form in place of the von Kármán model because the processed gravity data are smooth, i.e., non-fractal. The inverted parameters of the Gaussian covariance model provide equivalent measurements to the bathymetric parameters above:
gs (or a g = gs / gn ) and g .
Gravity Fabric
We examine two examples of regional gravity roughness variations that appear well-correlated to changes in spreading rate over time and to known variations in abyssal hill morphology.
South Atlantic
The north-illuminated gravity map of the South Atlantic Ocean displayed in Figure 1a is dominated by fracture zone and segment boundary features. High fracture zone densities are typical of slow spreading rates such as the southern Mid-Atlantic Ridge (MAR), which has spread at a full rate of <~50 mm/yr for the past 75 Ma (Cande et al., 1988) . The disappearance of many of these fracture zones in the westernmost region of Figure 1a corresponds to an abrupt change in spreading rate (>75 mm/yr) at this isochron. A different view of this same gravity data set is seen when illuminated from the east (Figure 3 ). Here the fracture zones are barely discernible; we observe instead a gravity fabric that exhibits a general increase in roughness westward away from the spreading axis, and then an abrupt drop at essentially the same location as the change in fracture zone density noted in Figure 1a .
The above qualitative observations are most easily quantified by estimating the rms gravity roughness. Of can be seen in both flow lines that cross that isochron.
The above example demonstrates two important points: (1) away from fracture zones or other "deterministic" features of the altimetric gravity field, gravity roughness displays regional changes that likely correspond at least in part to tectonic changes, and (2) abyssal hills on average exhibit some of the same trends, so that we can reasonably assume a possible link between the two.
Southeast Pacific
Like the southern MAR, the Pacific-Antarctic Ridge (PAR) in the Southeast Pacific Ocean (Figure 2 ) has undergone changes in off-axis morphology associated at least in part with changes is spreading rate (Macario et al., 1994; Géli et al. 1997) . Changes in fracture zone intensity (Figure 2a ) again correspond to changes in gravity roughness as seen when illuminated parallel to the fracture zones ( Figure 5 ). Abyssal hills mapped along the Pitman Fracture Zone (Figure 2b ) were analyzed by Macario et al. (1994) using the Goff and Jordan (1988) methodology. They found an abrupt decrease in abyssal hill rms and characteristic width with decreasing crustal age at ~6-8 Ma that corresponded to a increase in spreading rate from ~40 mm/yr to nearly 60 mm/yr at that time (Figure 2b) .
To investigate gravity fabric in this example, we follow the method of Goff and Smith (2003) by selecting subsample boxes that avoid major fracture zones (Figures 2a and 5) , and estimate gravity fabric parameters H g , gn , gs (or a g = gs / gn ) and g . Four boxes (1-4) were chosen adjacent to the Pitman Fracture Zone, and partially contain the area of bathymetric data analyzed by Macario et al. (1994) . The boundaries between boxes 1 and 2 and between boxes 3 and 4 are at the locations where Macario et al. (1994) discerned a change in abyssal hill morphology. These locations correspond as Cande et al., 1988. Profile detrended with 10 th order polynomial using "trend1d" from the GMT software toolkit [Wessel and Smith, 1995; http://gmt.soest.hawaii.edu] Goff et al. (1995) . Figure 7 1997) provides the basis for our first examination of the expected contribution of abyssal hill morphology to gravity fabric (Table 2) . We add to this list the averaged abyssal hill values from the Macario et al. (1994) study for slower and faster spreading regions along the PAR. Here we focus on the first-order observation of rms gravity roughness, and compute the expected value at 3000 m (i.e., near the mid-ocean ridge axis) and 4000 m (well away from the axis) upward continuation depths. We stress at this point that noise is not factored into these values. It is likely, for example, that the ~1 mGal rms contribution predicted for the Southeast Indian Ridge (SEIR) Axial High region and at faster spreading rates will not be detectable in the presence of a noise that is probably in the range of 2-4 mGal, depending on region. However, the rms values predicted for SEIR intermediate, axial valley and slower spreading rates are significant in relation with the range of rms values exhibited in Figure 4 and Table 1 . It is therefore probable, based on this simple theoretical examination, that variations in abyssal hill morphology are contributing significantly to observed variations in gravity fabric.
*Assumed value.

Figure 6. This model uses the average statistical properties of the Pacific-Cocos region (Table 2) to represent "fast" seafloor fabric. Note that the north-northeast orientation of the underlying hills can be detected in the noise-free (b) and 1mGal noise models (c), but is obscured if the noise level reaches 4 mGal (d).
General Key to Figures 6, 7, and 8. These are synthetic models to show how the finest scale of seafloor fabric (abyssal hills) would appear in satellite altimeter maps of the marine gravity field, under various assumptions about additional "noise" in the altimetric gravity. In Figure 6 (labeled "fast") the hill size is scaled to represent typical hill sizes created at a fast-spreading mid-ocean ridge; in
Noise
Noise is an important contributor to gravity fabric at small scales, and it must be accounted for theoretically in order to ascertain as well the contribution from abyssal hills. The altimetric gravity field is a differentiation of the geoid field, which is what altimetry actually measures. An uncorrelated, or white, noise in the geoid field will result in a "blue" (increasing power at decreasing wavelength) gravity noise field. Filtering is essential to produce a stable data field . The gravity data employed in this study were filtered at a full wavelength of 14.6 km, which is expected to produce a characteristic scale of roughly half that value. Examining altimetric gravity data over the axial high portions of the SEIR, where we expect little contribution from abyssal hills (Table 2) , Goff and Smith (2003) obtained a gravity rms of ~4 mGal and an isotropic characteristic scale of ~9 km; they concluded that these values are primarily a result of the contribution of noise to the processed altimetric gravity data set in this region. The 4 mGal rms value is likely to be large compared to other oceanic regions because the SEIR has some of the highest average sea states anywhere (e.g., Young, 1999) . For example, with estimated rms values as low as 3 mGal, the contribution of noise in the PAR region (Figures 2 and 5 ; Table 1 ) must be less. Assuming that the contributions of noise and signalrelated gravity are additive (i.e., total variance = noise variance + signal variance, where variance = rms 2 ), the rms values in Table 1 are, given the expected abyssal hill-related rms values listed in Table 2 , theoretically consistent with an rms noise in the range of ~2-3 mGal.
To systematically explore the effects of gravity noise on the resolution of abyssal hill-related gravity fabric, we perform parameter estimations on synthetic predicted gravity fields with a noise field added. We well to where we have visually identified a change in gravity fabric (Figure 5) .
The results of the parameter inversion from these boxes are presented in Table 1 with 1-standard deviation () uncertainties. The two boxes on older crust (1 and 4) have resolvably higher rms than the two boxes on younger crust (boxes 2 and 3), and marginally resolved higher characteristic scales. Of these four boxes, only box 1 exhibits what may be a resolved fabric and strike ~parallel to the abyssal hill trend. Two other examples on older crust along a nearby flow-line (boxes 5 and 6 in Figures 2a and 5 ) exhibit more wellresolved (within standard errors) fabrics and abyssal hill-parallel strikes (Table 1) .
We observe, therefore, with estimation of gravity fabric parameters a likely correspondence of horizontal scales as well as rms roughness with spreading rate and abyssal hill morphology changes. We also find some, although not uniform, evidence for a fabric orientation in the gravity data that corresponds, within errors, to the expected strike of abyssal hills.
Synthetic Upward Continuation
Having established a probable empirical link between abyssal hill morphology and altimetric gravity fabric, we seek to establish this connection theoretically. This can be done using the "upward continuation" formulation (Smith, 1998) , which specifies the gravitational field at the sea surface as a linear filter of the topography at the seafloor. The filter is dependent on two parameters: the density contrast at the seafloor (here assumed to be 1800 kg/m 3 ) and the mean water depth.
Upward continuation of bathymetry can be performed either on real data examples (Smith, 1998) or synthetics (realizations of the statistical model for abyssal hill morphology; Goff and Jordan, 1988) . Both have distinct advantages and disadvantages. For real data, a direct comparison can be made between prediction and data, but we are limited by swath bathymetric data coverage and by complicating, non-abyssal hill elements that typically exist in any survey map. Synthetic data, although purely hypothetical, allow us to isolate the abyssal hill morphology from other factors, and to examine multiple independent realizations of the same statistical morphology.
Synthetic abyssal hill morphology can be generated by a fast Fourier method (Goff and Jordan, 1988) . From the power spectral model (the Fourier transform of the covariance function model), the amplitude spectrum is derived by taking the square root. After multiplying the amplitude spectrum by a random phase spectrum, fast Fourier transformation yields the synthetic topography. The upward continuation gravity prediction is derived by multiplying the amplitude spectrum by the spectral filter function prior to multiplication by the random phase spectrum.
A table of average abyssal hill statistical properties organized by region and spreading rate (Goff et al., realization, an upward continuation gravity prediction (3000 m), and the gravity plus noise at 1 and 4 mGal for the three models. The same random phase spectrum was used for each to facilitate comparison. Without noise, the three upward continuation predictions (Figures 6b, 7b and 8b) look similar: differences in horizontal gravity scaling are subtle, despite the changes in the abyssal hill scales between the three models. Importantly, the 30°strike orientation is discernable in each of the gravity predictions. The principal difference between these plots is evident in the vertical scale bars, which range ± 3 times the rms. With the addition of noise, the three gravity predictions begin to change character. At 1 mGal noise, the 30°strike fabric is assume an additive noise characterized by an isotropic Gaussian covariance function with characteristic scale N = 8.5 km. The effects of noise are investigated by adding noise at a range of rms values H N : 1, 2, 3, and 4 mGal. An rms of 4 mGal was found by Goff and Smith (2003) , whereas 1 mGal represents the target noise level for a future altimetry mission (Smith and Sandwell, this issue) . We limit our experiment to three typical models: "slow," "intermediate," and "fast," which correspond closely to the average parameters of the Southern MAR (40 mm/yr), SEIR Intermediate, and Pacific-Cocos regions, respectively, listed in fabric associated with "intermediate" abyssal hills is marginally to poorly resolved at present-day noise levels, but is likely to be fairly well-resolved at noise levels anticipated for future missions with sufficient data sizes; and (3) gravity fabric associated with "fast" abyssal hills is not resolved at present noise levels, but may be partially resolved at future noise levels, again with sufficient data sizes.
Challenges for the Future
The evidence presented here quantitatively links the small-scale fabric of gravity data derived from satellite altimetry with the fabric of the ocean floor, abyssal hills. It is important to stress that this relationship is not difficult to see in the "fast" model (Figure 6c ), but is still evident in the "intermediate" (Figure 7c ) and "slow" models (Figure 8c ). At 4 mGal noise, the abyssal hillrelated fabric is gone from both the "fast" (Figure 6d ) and "intermediate" (Figure 7d ) models, but is still evident in the "slow" model ( Figure 8d ). Figure 9 displays parameter estimation results from the predicted gravity fields with the various noise contributions, which are plotted in relation to the "null" hypothesis that the results cannot be distinguished from noise. These results demonstrate quantitatively what was noted qualitatively in Figures 6-8: (1) gravity fabric associated with "slow"-type abyssal hills is resolvable at present-day noise levels; (2) gravity ence of noise, particularly for the larger abyssal hills.
The quantitative connection between abyssal hill and gravity fabrics opens up the possibility of utilizing altimetry data to investigate seafloor fabric worldwide, which would be a benefit both for tectonic studies and for understanding oceanic mixing and circulation. However, significant challenges still face us. In particular, we must strive to understand, mitigate and reduce altimetric gravity noise. We must, for example, be able to predict the statistical properties of noise as a function of geographic location so that the contribution of seafloor morphology to the total gravity fabric can be ascertained. Even so, vast areas of the ocean floor expressed as a one-to-one match between individual features in each field, but rather as a correspondence of statistical properties, parameterized by the rms variation, characteristic horizontal scales and strike orientation. It appears that the orientation of the long direction ("strike") of abyssal hills can be resolved by present data where the hills are among the largest typically found, and could be resolvable for hills of all sizes with a future mission having a lower noise level. While it may not be possible to invert gravity data directly for bathymetric roughness spectral parameters, it should be possible to provide indirect estimates based on established relationships between the two fabrics in the pres- generated at faster spreading rates will not produce detectable seafloor fabric under present-day noise conditions. Only a significant reduction in noise level, as has been proposed for a new altimeter mission, will provide the opportunity to extract meaningful fabric estimates from these areas.
